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Papid and Stable Re-Entry
ithin the Pulmonary Vein as a
echanism Initiating Paroxysmal Atrial Fibrillation
unny S. Po, MD, PHD,* Yuhua Li, PHD,† David Tang, MS,† Hong Liu, PHD,† Ning Geng, MD,‡
arren M. Jackman, MD,* Benjamin Scherlag, PHD,* Ralph Lazzara, MD,* Eugene Patterson, PHD§
klahoma City and Norman, Oklahoma; and Shenyang, China
OBJECTIVES We investigated the hypothesis that re-entrant pulmonary vein (PV) tachycardias may serve
as a mechanism for initiating and sustaining paroxysmal atrial fibrillation (PAF).
BACKGROUND The mechanisms of rapid repetitive discharges from the PV initiating PAF remain
incompletely understood. Pulmonary vein myocardial sleeves appear to provide a favorable
substrate for re-entry formation.
METHODS The electrophysiologic properties of canine PV sleeves were investigated using a combination
of high-resolution optical mapping (n  5) and extracellular bipolar and intracellular
microelectrode recordings (n  56) in a superfused PV preparation.
RESULTS From the left atrium to distal PV, there was progressive shortening of the action potential
(AP) duration, reduction in AP and bipolar electrogram amplitude, and depolarization of
resting membrane potentials. Sustained PV tachycardias were induced exclusively in the
presence of acetylcholine (107 to 106 mol/l, n 12). Sustained PV tachycardias were rapid
(mean cycle length  93  15 ms), regular, and capable of induction, termination, and
resetting by single extrastimuli. Re-entry as the mechanism underlying PV tachycardias was
confirmed by optical mapping (n  5). Acetylcholine also reduced the slope of the AP
restitution curve and suppressed AP alternans (n  6). Importantly, PV tachycardias
exhibited 1:1 conduction into the atrium at short cycle lengths (100 ms), emphasizing the
potential role of re-entrant PV tachycardia in atrial fibrillation.
CONCLUSIONS Pulmonary veins provide a favorable substrate for re-entry formation. Heterogeneity of the
electrophysiologic properties and marked abbreviation of action potential duration and
refractoriness by acetylcholine combine to produce rapid and stable re-entrant PV tachycar-
dias. Elevated parasympathetic tone and re-entrant PV tachycardia may serve as a mechanism
underlying the perpetuation of PAF. (J Am Coll Cardiol 2005;45:1871–7) © 2005 by the
ublished by Elsevier Inc. doi:10.1016/j.jacc.2005.02.070American College of Cardiology Foundation
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5apid repetitive discharges from the pulmonary veins
PVs) frequently initiate atrial fibrillation (AF), but the
nderlying mechanisms are yet to be clarified (1). It is
nown that left atrial (LA) muscle extends onto PVs as
yocardial sleeves. Histology of the PV sleeves revealed
uscle fibers oriented spirally, circumferentially, and
ongitudinally to the axis of the PVs, and the fibers were
requently separated by connective tissue (2,3). We hy-
othesized that the PV myocardial sleeve forms a fertile
ubstrate for re-entrant arrhythmias. When the action
otential duration (APD) and refractoriness are markedly
bbreviated by acetylcholine (ACH), rapid and stable
e-entrant PV tachycardias may act to initiate and per-
etuate AF.
Shortening of APD in response to increases in heart rate,
nown as APD restitution, is an important characteristic of
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005, accepted February 22, 2005.ardiac tissues (4). The properties of restitution are usually
ssessed by analyzing the restitution curve, the nonlinear
elationship between the APD and the preceding diastolic
nterval. The restitution hypothesis proposes that when
ardiac tissue has a restitution curve with a slope 1,
anifestations of instability such as AP alternans and wave
reak may occur, leading to fibrillation (5). Because PV
ring is known to initiate AF, we hypothesized that PVs
ay have restitution properties supporting fibrillation inside
he PVs.
ETHODS
issue preparation and electrophysiologic recordings. All
tudies were performed in accordance with the guideline of
he American Physiological Society in protocols approved
y the institutional animal care and use committee. Adult
ale mongrel dogs weighing 20 to 30 kg were anesthetized
ith intravenous sodium pentobarbital (30 mg/kg). For
tudies using extracellular bipolar electrode or intracellular
icroelectrode recordings, the heart was removed and
insed in Tyrode’s solution (in 103 mol/l: NaCl, 130; KCl,
.05; MgCl2, 1.0; NaHCO3, 20; NaH2PO4, 1.0; glucose,
.5 and CaCl2, 1.35; pH  7.4) bubbled with 95% oxygen
nd 5% CO2. The left or right superior PV was removed.
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Re-Entrant Pulmonary Vein Tachycardia June 7, 2005:1871–7he superfused preparation included 3 to 4 mm of LA
yocardium and PV tissue 8 to 15 mm distal to the PV-LA
unction. Adipose tissue was removed from the epicardial
urface, and the thickness of the preparation from the distal
egment of PV without visible myocardial sleeve (DS) to
V-LA junction was 1 mm to minimize tissue ischemia.
he preparation was cut open along the anterior wall of PV
nd pinned either epicardial side down or endocardial side
own to allow study of the endocardial or epicardial surface,
espectively (Fig. 1A). Bipolar electrograms (filtered be-
ween 0.1 and 1,000 Hz) were recorded from three sites
sing 0.1-mm diameter Teflon-coated silver wires 1 mm
part. Pacing (2 ms duration stimuli at 2 to 3 diastolic
hreshold) was utilized to stimulate the preparation using a
rass S-88 stimulator (Grass Medical Instruments, Quincy,
assachusetts). Action potentials were recorded using glass
icroelectrodes filled with 3 mol/l KCl.
ptical mapping. For optical mapping, the left circumflex
rtery was cannulated immediately after excision of the heart
nd perfused with oxygenated Tyrode’s solution containing
 106 mol/l of di-4-ANEPPS at 35°C (Molecular
robe, Eugene, Oregon) for 20 min. The very proximal
egment of the circumflex artery was ligated over the
annula. The left anterior descending artery, along with all
he ventricular branches of the circumflex artery, was ligated
o enhance the flow toward the PVs and LA.
A wavelength selective optical mapping setup was de-
igned and implemented in accordance with the fluores-
ence characteristics of di-4-ANEPPS (6). The optical
etup was designed to operate in different optical magnifi-
ation modes for either a higher spatial resolution or a larger
eld of coverage. A charge-coupled device-based digital
etector was custom developed and integrated with the
ptical setup to acquire fluorescence signals. Comprehensive
easurements were conducted and showed that this proto-
ype system offers a wide dynamic range (12-bit digitization)
nd a high temporal resolution (approximately 2 ms). With
0 mm  20 mm field coverage, the system offers a
oderate spatial resolution (128 pixels  128 pixels, 0.156
m/pixel). With smaller field coverage, a higher spatial
esolution can be achieved (0.11 mm/pixel).
Correctable image distortions or variations that can
Abbreviations and Acronyms
ACH  acetylcholine
AF  atrial fibrillation
APD  action potential duration
CL  cycle length
DI  diastolic interval
DS  distal pulmonary vein sleeve
LA  left atrium/atrial
PS  proximal pulmonary vein sleeve
PV  pulmonary vein
Rt  steepest slope of the action
potential restitution curvebscure the important details were minimized before image Tnalysis. These image distortions are usually caused by
ystem components such as vignetting of the lenses and
nhomogeneities of illumination. A commonly used flat
elding correction was performed on each of the original
igital images. The pixel values of the resultant images
herefore reflected accurately the strength of the fluores-
ence signal to be measured.
PD restitution. Action potential duration restitution was
ssessed from the microelectrode recordings. Multiple sites
n the preparation were examined before ACH administra-
ion. A dynamic restitution protocol (7) was implemented
y delivering a pacing train at an initial cycle length (CL) of
,500 ms. The pacing CL was gradually shortened after
teady state was achieved at each CL. The pacing CL was
rogressively reduced to a minimum of 40 ms to ensure
table 1:1 capture at short CLs. Identical pacing protocols
ere applied to each region (LA, PS, and DS) (Fig. 1A).
igure 1. A superfused left superior pulmonary vein (PV) preparation
iewed from the endocardial surface (A) and action potentials recorded
sing the microelectrode technique (B, endocardial; C, epicardial), and
ptical mapping (D, endocardial). (A) LA, PS, and DS indicate left atrium,
roximal PV with visible myocardial sleeves, and distal PV without visible
yocardial sleeves, respectively. Black squares delineate the PV-LA
unction. (B to D) All recordings were performed at a pacing cycle length
f 1 s. Notice progressive changes of action potential duration and action
otential amplitude as the recording electrodes move from LA to DS.
nsets illustrate the bipolar electrograms (at different gains) recorded in
orresponding regions.he relationship between the APD90 and diastolic interval
w
w
p
D
f
t
P
e
l
p
S
D
v
S
e
R
B
l
b
t
e
t
m
t
m
P
m
t
t
i
u
r
a
t
a
1
o
w
b
s
d
s
b
b
m
p
A
R
i
t
t
b
p
a
o
a
m
b
m
i
1
p
r
s
c
(
i
a
a
T
E
R
A
A
A
n
*
sleeve
L
1873JACC Vol. 45, No. 11, 2005 Po et al.
June 7, 2005:1871–7 Re-Entrant Pulmonary Vein Tachycardiaas analyzed by constructing an APD restitution curve, in
hich the APD90 of the n  1th APD (APDN1) was
lotted against the preceding diastolic interval, DIN. The
IN was determined by subtracting the preceding APDN
rom the pacing CL. An exponential curve was used to fit
he relationship between APDN1 and DIN (Graphpad
rism, San Diego, California). Rt, the steepest slope of the
xponential curve (restitution curve), was calculated by a
inear regression of the steepest part of the exponential curve
receding loss of 1:1 capture.
tatistics. Data are expressed as the mean value  SE.
ifferences between groups were determined by analysis of
ariance for single or repeated measures as appropriate.
tudent-Newman-Keuls test was used to determine differ-
nces between individual groups.
ESULTS
asic electrophysiologic properties of PVs. A total of 56
eft or right superior PV preparations were studied using
oth bipolar and microelectrode recordings. The prepara-
ions typically remained healthy with stable and consistent
lectrophysiologic properties for 1 to 3 h. The thickness of
he preparation from DS to the PV-LA junction was 1
m based on histology studies (data not shown). The size of
he superfused PV preparation was approximately 20  12
m, incorporating PV sleeves up to 15 mm from the
V-LA junction (Fig. 1A). Despite the absence of visible
yocardium in DS as viewed from the endocardial surface,
he recording of electrograms and action potentials indicates
he presence of myocardium. The LA, PS, and DS exhib-
ted distinctly different electrophysiologic properties. Fig-
res 1B and 1C illustrate representative action potentials
ecorded from the endocardial aspect (Fig. 1B) or epicardial
spect (Fig. 1C). As the recording sites moved from LA
oward DS, the amplitude and duration of AP were reduced
able 1. Basic Electrophysiologic Properties of Pulmonary Veins
*
LA
Endo Epi
GM (mV) 13.5  1.3 12.2  1.2
MP (mV) 79  1 77  1 
PA (mV) 111  3 101  1
PD50 78  4 90  6
PD90 161  3 168  6
35 16
Indicates p  0.05.
APA action potential amplitude; APD action potential duration; DS distal
A  left atrium; PS  proximal sleeve; RMP  resting membrane potential.nd resting membrane potentials were depolarized (Table t). The DS action potential exhibited a triangular morphol-
gy lacking phase 2. The parameters presented in Table 1
ere composite data from all experiments, grouped together
y: 1) the presence (PS) or absence (DS) of visible PV
leeves on the endocardial surface, and 2) proximal (LA) or
istal (PS) to the apparent PV-LA junction. There was no
tatistical difference in the electrophysiologic characteristics
etween the left and right superior PVs (data not shown) or
etween the endo- and epicardial sleeves (Table 1). Optical
apping of the endocardial surface was performed in five
reparations, showing similar distributions of differences in
PD (Fig. 1D).
e-entry and automatic rhythms. Figures 2A and 2B
llustrate the presence of functional conduction block and
he propensity to re-entry formation. Only nonsustained
achycardia (3 to 12 beats; mean CL  132  12 ms) could
e induced in PS or DS in the baseline state in 15 of 25
reparations. Automatic rhythms (40  11 beats/min; from
maximal diastolic potential of 52  6 mV) were
bserved in only 3 of 56 preparations. Figure 3A illustrates
n example of the automatic rhythm (cycle length  1,150
s) originating from DS. This rhythm was not suppressed
y overdrive pacing from DS (data not shown). No auto-
atic rhythm was induced after burst pacing or by admin-
stration of ACH (106 mol/l) or isoproterenol (109 to
08 mol/l) in 20 preparations tested.
Marked shortening of APD was observed in all 46
reparations with exposure to ACH. A concentration-
esponse curve of APD abbreviation by ACH was con-
tructed (Fig. 3B), and ACH concentrations near the
oncentration that produces 50% of the maximal effect
EC50) (1.35  0.53  10
7 mol/l) were then chosen for
nduction of arrhythmias. Pulmonary vein refractoriness was
ssessed by delivering a decremental pacing train from PS
nd measuring the longest pacing CL causing 2:1 block. In
*
PS DS
do Epi Endo Epi
0.5 3.9  1.0 1.0  0.3 0.8  0.3
2 73  1 65  1 67  2
2 89  2 75  2 76  4
2 64  3 47  3 46  4
4 131  3 112  5 118  9
27 38 8
*
*
; EGM bipolar electrogram; Endo endocardial surface; Epi epicardial surface;*
En
4.5 
72 
88 
60 
137 
33
*he presence of 107 mol/l of ACH, the 2:1 block CLs (in
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Re-Entrant Pulmonary Vein Tachycardia June 7, 2005:1871–7s) at LA (158  11), PS (143  8), and DS (133  7)
ere significantly shortened by ACH (LA, 119  9; PS,
11  7; DS, 101  8; n  10, p  0.05 for all).
Multiple episodes of sustained tachycardias (2 s; mean
uration: 16.8  7.1 s) were reproducibly induced by single
xtrastimuli in 12 of 15 preparations in the presence of
CH. As with APD shortening, ACH exerted a
oncentration-dependent effect on the ability to induce
ustained PV tachycardias (Figs. 3B and 3C). Sustained PV
achycardias were typically rapid and regular (mean CL 
3 15 ms); could be induced, reset, or terminated by early
xtrastimuli; and were never induced without significant
hortening of the APD by ACH (Figs. 4A to 4C). During
achycardia, the action potential always repolarized to the
esting membrane potential despite the short-tachycardia
L (Fig. 4B, horizontal line). Double potentials, suggesting
onduction block associated with re-entry, were consistently
ecorded (Fig. 4C). Pulmonary vein tachycardias were reset
y an extrastimulus delivered at PS or DS in six of six
reparations, suggesting the presence of an excitable gap
nd re-entry (Fig. 4B). Re-entry as the mechanism under-
ying sustained PV tachycardias was consistent with the
attern of activation ascertained by optical mapping (n  5)
Fig. 4D). Fibrillatory patterns of activations were not
nduced in any experiments with ACH concentrations up to
04 mol/l.
estitution properties. All the values of Rt acquired from
igure 2. Wavefront propagation recorded by optical mapping. (A) The S1
cycle length [CL]  700 ms) wavefront propagated relatively fast and
omogeneously across the preparation. (B) In contrast, the S2 (coupling
L  225 ms) wavefront propagated slower and took a counterclockwise
ourse as conduction block was encountered. The numeric sequence
ndicates progressive times of propagation. Arrows indicate the site of
timulation. Frames are 32 ms apart. White dots outline the margin of the
reparation. Stars indicate the leading edge of wavefront. Abbreviations as
n Figure 1.ifferent recording sites were 1 (Figs. 5B and 5C).
(
(lthough the values of Rt were significantly greater in LA
nd PS than in DS, the differences were eliminated by
CH, mainly by greater reduction of Rt in LA and PS (Fig.
C). Action potential alternans, defined as a periodic
hange in AP that occurs every other beat, was observed in
he PV in six preparations in the baseline state. Action
otential alternans was completely suppressed by 107 mol/l
CH in all experiments (Fig. 5D).
ISCUSSION
n the present study, rapid and stable re-entrant PV tachy-
ardias were induced in the presence of ACH. Although PV
achycardias were not shown to induce AF because of the
bsence of significant atrial tissue, rapid PV tachycardias
aintain 1:1 conduction into LA. This rapid rhythm may
e capable of initiating AF in intact hearts.
utomaticity. Automatic rhythms have been proposed as a
ossible mechanism underlying the spontaneous discharges
f PVs (8–10). However, other investigators have reported
onflicting results, failing to show rapid automatic rhythms
n PVs (11,12). In our study, manipulation of experimental
onditions such as burst pacing and exposure to isoproter-
igure 3. (A) Automaticity was associated with more depolarized mem-
rane potential. Phase 4 depolarization was observed. The slow automatic
hythm (CL  1,150 ms) failed to conduct into PS and LA. (B)
oncentration-response relationship between percent of action potential
uration (APD90) abbreviation and acetylcholine (ACH) concentrations.
he concentration that produces 50% of the maximal effect (EC50) was
.35  0.53  107 mol/l (n  12). (C) Concentration-response
elationship between the incidence of induced sustained PV tachycardia
72 s) and ACH concentrations. The EC50 was 3.80 0.85 10 mol/l
n  15). Other abbreviations as in Figures 1 and 2.
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June 7, 2005:1871–7 Re-Entrant Pulmonary Vein Tachycardianol or ACH induced only three episodes of subsequent
low automatic rhythms in 56 PV preparations (Fig. 3A).
oreover, the slow automatic rhythms failed to conduct to
he PS and LA, indicating that automaticity alone in normal
og hearts may not be a critical element in the genesis of
apid PV firing. However, the extrasystole that initiates
e-entry in AF patients could result from automaticity or
riggered firing. The factors leading to automaticity or
riggered firing could be absent in the PVs of normal dogs.
lectrophysiology of the PV sleeve. Other investigators
ave reported different electrophysiologic properties be-
ween the PV and the LA and suggested that these
iscrepancies may contribute to arrhythmia formation in the
V (10–15). In this study, we observed a graded transition
f electrophysiologic properties from LA to DS, supporting
igure 4. Pulmonary vein tachycardias in ACH. (A) A representative
pisode of sustained tachycardia (CL  75 ms) induced with a premature
xtrastimulus delivered at DS. (B) Dashed box highlighted in A. A
remature beat delivered from PS during PV tachycardia advanced the next
eat of tachycardia (interval  45 ms), demonstrating a positive resetting
esponse. (C) An example of double potentials (arrows) recorded during
nother episode of PV tachycardia originating in PS. (D) Wavefront
ropagation of PV tachycardia recorded by optical mapping. The trajectory
f wavefront propagation took a repetitive clockwise course, verifying
e-entry as the mechanism underlying the PV tachycardia, and also
emonstrated that the entire re-entrant circuit was confined to PV. Note
hat the tachycardia circuit was oval (not circular), and the conduction
elocity was not uniform along the circuit. Frames are 32 ms apart.
Indicates the leading edge of wavefront. White dots outline the margin of
he preparation. ACH  107 mol/l for all. Abbreviations as in Figures 1
hrough 3.he observations from clinical electrophysiologic studies in
p
Ohich the effective refractory period of the distal PV is
horter than the PV-LA junction (13,14). In our study,
ncircling wavefronts resulting from conduction block in-
uced by extrastimuli were observed in the baseline state,
onsistent with similar observations made in PV and ven-
ricular myocardium (10,15,16), in which heterogeneity of
PD causes dispersions and gradients of repolarization,
etting the stage for conduction block and functional re-
ntry. Tissues with reduced coupling of myocardial fibers,
uch as PVs, would augment the intrinsic heterogeneities
nd enhance the repolarization gradient (17). Despite the
resence of a favorable substrate for re-entry (12,18), no
ustained PV tachycardia was induced in the baseline state,
ignifying the importance of additional factors for the
nitiation of AF.
A recent study demonstrated heterogeneity and anisotro-
ic conduction within the PV and at the PV-LA junction in
atients undergoing catheter ablation for PAF (14). Atrial
brillation was initiated by re-entry between the distal PV
nd PV-LA junction or unstable re-entry inside the PV,
upporting our hypothesis that re-entrant PV tachycardia is
potential mechanism initiating AF. The crucial role of PV
igure 5. Restitution properties in ACH. (A) An example of APDs and
iastolic intervals (DIs) measured using the dynamic restitution protocols
DI 840 ms, APD90 160 ms) at a pacing CL of 1 s. (B) Representative
P restitution curves and Rt (the steepest slope of the restitution curve)
rom PS before (black circles, Rt  0.75) and after (open circles, Rt 
.22) exposure to ACH. Insert shows the linear regression (Rt) of the
hortest DIs preceding refractoriness. Dashed line represents unitary slope.
C) Mean values and standard errors of Rt from LA (black), PS (striped),
nd DS (open) before and after ACH (n 12). *p 0.05 for comparisons
efore and after ACH. (D) Suppression of AP alternans by ACH at a
7acing CL of 130 ms (recorded from PS). ACH  10 mol/l for all.
ther abbreviations as in Figures 1 through 3.
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Re-Entrant Pulmonary Vein Tachycardia June 7, 2005:1871–7achycardias in AF was further demonstrated by other
nvestigators (19,20), showing that immediate recurrence of
F can be caused by PV tachycardias and that short bursts
f PV tachycardias are critical in maintaining AF.
CH effects on PV tachycardia. Administering ACH in a
anine right atrial preparation, Schuessler et al. (21) dem-
nstrated conduction block and macro–re-entry as a mech-
nism for ACH-induced atrial tachycardias. In the present
tudy, sustained re-entrant PV tachycardias were induced
xclusively in the presence of marked shortening of APD
nd refractoriness caused by ACH. The presence of double
otentials, positive resetting responses, and the wavefront
ropagation recorded by optical mapping provides strong
vidence that re-entry is the mechanism operative in ACH-
nduced PV tachycardias. It is plausible that marked abbre-
iation of APD and refractoriness shorten the wavelength of
he tachycardia, allowing re-entry to be initiated and sus-
ained in a substrate with poorly coupled myocardial fibers.
oreover, abbreviation of the refractoriness across the PV
reparation facilitates 1:1 conduction into the LA at short
Ls (100 ms), which may manifest as rapid PV firing and
rigger AF. Because parasympathetic innervation of the
eart is typically heterogeneous with concentrated clusters
f autonomic ganglia near each of the PVs (22), hyperac-
ivity of these sites in vivo would likely introduce more
ispersion in APD and refractoriness and further enhance
he formation of re-entry within PVs.
It is known that ACH greatly enhances AF initiation
23). Recent studies from our laboratory (24) demonstrated
hat AF initiation was substantially enhanced by selective
timulation of the local cardiac parasympathetic nervous
ystem. Parasympathetic nervous system activation as a
ritical element for AF initiation and maintenance was
urther emphasized by a recent report (25) describing a
ubgroup of AF patients exhibiting marked bradycardia and
ypotension during radiofrequency current application to
he LA in the vicinity of parasympathetic ganglionated
lexi. This subgroup of patients enjoyed a success rate of
9% in eliminating symptomatic AF, attributed to ablation
f the parasympathetic nerve elements.
Rapid re-entrant PV tachycardias conform to the rotor
ypothesis for AF, in which a stable re-entrant source gives
ise to fibrillatory conduction (26). Kalifa et al. (26) dem-
nstrated that rotors at the PV-LA junction can be elicited
y increased intra-atrial pressure. In that study, rotors at the
V-LA junction were faster than the rotors in the LA free
all and the waves propagated from PV-LA junction
oward LA free wall as the intra-atrial pressure reached10
m H2O, suggesting that PV-LA junctions play a key role
n AF caused by atrial dilation. Probably because of the
imited size of our preparation, we observed only single
tationary re-entrant circuits inside the PV, and fibrillation
as never induced. Although our preparation contained
nly a small segment of LA, and induction of AF in the
trium was not investigated, it is conceivable that rapid PV
achycardias with 1:1 conduction into LA are capable of pnducing AF, particularly in pathological conditions that
levate the parasympathetic tone. The induction of re-entry
equired close-coupled premature extrastimuli; the mecha-
ism of spontaneous close-coupled beats has not been
larified, but apparent triggering by early afterdepolarization
uring repolarization of abbreviated APD has been de-
cribed (8,24).
estitution properties. Greater values of Rt indicate a
reater degree of APD shortening in response to a given
eduction in DI, leading to marked variations in refractori-
ess, instability of re-entry, alternans, wave break, and
brillation (27). Pharmacologic agents that reduce the value
f Rt have been shown to be anti-fibrillatory (28). In our
xperiments, AP alternans in PV can be reproducibly
nduced at short-pacing CL, but fibrillation inside the PV
as never observed. Despite the well-known effect of ACH
n inducing AF, ACH appears to be, at least theoretically,
ntifibrillatory in the PV tissue, based on our observations in
hich ACH reduced Rt across the preparation and inhib-
ted AP alternans in PV. Although the role of Rt as a
redictor of fibrillation has been challenged by observations
howing that ventricular fibrillation can occur with Rt 1
7), our results showed that PVs do not exhibit restitution
roperties prone to fibrillation. Instead, the myocardial
iscontinuity and heterogeneity of the electrophysiologic
roperties of PV provide a fertile substrate for re-entry.
arked shortening of the APD and refractoriness by ACH
llow a well-timed premature beat to initiate and maintain
he re-entrant PV tachycardia. Reduction of Rt and sup-
ression of AP alternans by ACH may stabilize the re-entry
nd enhance conduction into LA to initiate AF.
onclusions. Structural and functional nonuniformity of
he PV provide a fertile substrate for re-entry formation. In
he presence of ACH, rapid and sustained re-entrant PV
achycardias maintaining 1:1 conduction into LA at short
ycle lengths can serve as a mechanism operative in rapid
epetitive PV firing. A relatively “flat” restitution curve
slope 1) in the baseline state and further flattening of the
urve by ACH possibly stabilize the PV tachycardia.
tudy limitations. The possibility of artificial PV re-entry
aused by experimentally created boundaries or ischemia
erits consideration. In optical mapping experiments, the
e-entrant wavefront was clearly not forced to turn around at
he edge of the preparation, and tachycardia could be
nduced only with ACH, indicating that conduction block
nd re-entry were intrinsic electrophysiologic properties of
he PV (Figs. 2A and 2B). The thickness of the preparation
rom the DS to the PV-LA junction was1 mm, and there
as no evidence of ischemia in this superfused preparation
ased on stable electrograms, resting membrane potentials,
nd refractoriness. Although the mean CL of PV tachycar-
ia was slightly longer than what was reported by Kalifa et
l. (93 ms vs. 80 ms) (26), the difference is likely due to
ifferent experimental conditions (ACH administration vs.
ncreased intra-atrial pressure) rather than ischemia of our
reparation.
e
s
c
c
a
a
o
a
p
t
t
t
m
c
t
i
i
c
c
o
R
E
E
R
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
1877JACC Vol. 45, No. 11, 2005 Po et al.
June 7, 2005:1871–7 Re-Entrant Pulmonary Vein TachycardiaMapping of the action potential propagation on the
ndocardial and epicardial surfaces of PV illustrated sub-
tantial differences, resulting from differently oriented myo-
ardial fibers (10). We elected to optically map the endo-
ardial surface of the PV sleeve to circumvent the problem
ssociated with the epicardial fat that interferes with the
cquisition of fluorescent signals. To ensure the legitimacy
f this approach, electrophysiologic properties of the endo-
nd epicardial surfaces were compared, showing no electro-
hysiologic differences in the corresponding regions be-
ween the two surfaces (Table 1). Therefore, we assume that
he same arrhythmia mechanism can be operative in both
he endo- and epicardial sleeves. In addition, the vast
ajority of clinical studies of PV electrophysiology were
onducted using endocardial recordings, which further jus-
ify our study focusing on the endocardial PV electrophys-
ology. Another advantage of our experimental preparation
s that it exhibits minimal motion artifact; excitation-
ontraction uncouplers such as diacetyl monoxime or
ytochalasin-D, known for affecting cardiac electrophysiol-
gy, were not used.
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